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I FIF.l.D OF INVENTION 

The present invention relates to organometallic compounds of formula LjMX, 
wherein L and X are distinct bidentate ligands, and M is a metal, especially iridium, 
10 their synthesis and use as dopants in certain hosts to form an emitting layer in organic 

' light emitting devices. 

II RAPKHROUNP nv THE INVENTION 

II. A. General Background 

Organic light emitting devices (OLEDs) are comprised of several organic 
layers in which one of the layers is comprised of an organic material that can be made 
to electroluminesce by applying a voltage across the device, C.W. Tang et al., Appl. 
Phys. Lett. 1987, 51, 913. Certain OLEDs have been shown to have sufficient 
brightness, range of color and operating lifetimes for use as a practical alternative 
20 technology to LCD-based full color flat-panel displays (S.R. Forrest, P.E. Burrows 

and M.E. Thompson, Laser Focus World, Feb. 1995). Since many of the thin organic 
films used in such devices are transparent in the visible spectral region, they allow for 
the realization of a completely new type of display pixel in which red (R), green (G), 
and blue (B) emitting OLEDs are placed in a vertically stacked geometry to provide a 
25 simple fabrication process, a small R-G-B pixel size, and a large fill factor, 

International Patent Application No. PCT/US95/15790. 

A transparent OLED (TOLED), which represents a significant step toward 
realizing high resolution, independently addressable stacked R-G-B pixels, was 
reported in International Patent Application No. PCT/US97/02681 in which the 
30 TOLED had greater than 71% transparency when turned off and emitted light from 

both top and bottom device surfaces with high efficiency (approaching 1% quantum 
efficiency) when the device was turned on. The TOLED used transparent indium tin 
oxide (ITO) as the hole-injecting electrode and a Mg-Ag-ITO electrode layer for 
electron-injection. A device was disclosed in which the ITO side of the Mg-Ag-ITO 
35 layer was used as a hole-injecting contact for a second, different color-emitting OLED 
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stacked on top of ft. TOLED. Each layer in the stacked OLED (SOLED) was 
independently addressable and emitted its own characteristic color. Th,s colored 
emission could be transmitted through the adjacently stacked, transparent, ^ 
independently addressable, organic layer or layers, the transparent contacts and the 
glass substrate, thus allowing the device to emit any co.or that could be produced by 
varytng the relative output of the red and blue color-emilt.ng layers. 

PCT/USSSH 5796 appl.cation disclosed an integrated SOLED for whtch both 
mtensiry and color could be independently varied and controlled with external power 
supplies in a color tunable display device. The PCT/US95/1 5790 application, thus, 
illustrates a principle for achteving integrated, full color pixels that provide h.gh 
image resolution, which is made possible by the compact ptxel size. Furthermore, 
relatively low cos. fabrication techniques, as compared w,,h prior art methods, may be 
utilized for making such devices. 

1I.B. Background of emission 
II.B.l. Basics 

11 B 1 .a. Singlet and Triplet Excitons 

Because light is generated in organic materials from the decay of molecular 
excited states or excitons, underspending weir properties and interactions is crucal to 
the design of efftcten. light emitting devices currently ofsignifican. interest due to 
their potential uses m displays, lasers, and other illuminatton applications^ For 
example, if the symmetry of an exciton is different from ft* of the ground state, then 
,he radiattve relaxation ofthe exciton is disallowed and luminescence w,l. be slow 
and inefficient. Because the ground state is usually anti-symmetric under exchange 
spins of electrons comprising the exciton, the decay of a symmetric exciton breaks 
symmetry. Such excitons are known as triplets, the term reflecting the degeneracy of 
thestate. For every three triple, excitons tha, are formed by electrical exctatton m an 
OLED, only one symmemc state (or singlet) exciton is created. (M.A. Baldo. D F^ 
O'Brien, M.E. Thompson and S. R. Forrest, Ve„ high-efficiency green orgamc Ugh.- 
emitting devices based on electrophosphorescence, Applied Physics Letters, 1999, 75, 
4-6 ) Luminescence from a symmetry-disallowed process ts known as 
phosphorescence. Characteristically, phosphorescence may persist for up to several 
seconds after excitation due to the low probability ofthe transition. In contrast, 
fluorescence originates in the rapid decay of a single, exciton. Since this process 
occurs between states of like symmetry, it may be very efficent. 
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Many organic materials exhibit fluorescence from singlet excitons. However, 
only a very few have been identified which are also capable of efficient room 
temperature phosphorescence from triplets. Thus, in most fluorescent dyes, the 
energy contained in the triplet states is wasted. However, if the triplet excited state „ 
perturbed, for example, through spin-orbit coupling (typically introduced by the 
presence of a heavy metal atom), then efficient phosphoresence is more hkely. In this 
case the triplet exciton assumes some singlet character and it has a higher probability 
of radiative decay to the ground state. Indeed, phosphorescent dyes with these 
properties have demonstrated high efficiency electroluminescence. 

Only a few organic materials have been identified which show efficient room 
temperature phosphorescence from triplet, In contrast, many fluorescent dyes are 
known (C H. Chen, J. Shi, and C.W. Tang, "Recent developments m molecular 
organic electroluminescent materials," Macromolecular Symposia, 1997, 125, 1-48; 
U Brackmann, Lambdachrome Laser Dyes (Lambda Physik, Gottingen, 1997) and 
fluorescent efficiencies in solution approaching 100% are not uncommon. (C.H. 
Chen 1997 op cit.) Fluorescence is also not affected by triplet-triplet anmh.lanon, 
which degrades phosphorescent emission at high excitation densities. (M. A. Baldo, et 
al "High efficiency phosphorescent emission from organic electroluminescent 
deuces." Nature, 1998, 395, 151-154; M. A. Baldo, M. E. Thompson, and S.R. 
Forrest, "An analytic model of triplet-triplet annihilation in electrophosphorescent 
devices," 1999). Consequently, fluorescent materials are suited to many 
electroluminescent applications, particularly passive matrix display, 
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II B 1 b Overview of invention relative to basics 

This invention relates to complexes of formula L L' L" M, wherein L, L\ 
and L" are distinct bidentate ligands and M is a metal of atomic number greater than 
40 which forms octahedral complexes and is preferably a member of the third row (of 
the transition series of the periodic table) transition metals. Alternatively, M can be a 
member of the second row transition metals, or of the main group metals, such as Zr 
and Sb. Some of such organometallic complexes electroluminesce, with emiss.on 
coming from the lowest energy ligand or MLCT state. Such electroluminescent 
compounds can be used as dopants in a host layer of an emitter layer ,n light emitting 
diode, This invention is further directed to complexes of formula LL L M, 
wherein L, L\ and L" are the same or different, wherein L, L'. and L" are bidentate, 
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monoanionic ligands, wherein M is a metal which forms octahedral complexes, is 
preferably a member of the third row of transition metals, more preferably Ir or Pt, 
and wherein the coordinating atoms of the ligands compnse sp> hybridized carbon and 
a heteroatom. The invention is further directed to L 2 MX, wherein L and X are distmct 
bidentate ligands, wherein L coordinates to M via atoms of L compnstng sp 2 
hybridized carbon and heteroatoms, and wherein M is a metal forming an octahedral 
complex, preferably iridium (Ir). These compounds can ;erve as dopants in a host 
layer which functions as a emitter layer in organic light emitting diodes. 

The compounds of this invention can be made by the direct reaction of 
chloride bridged dimers of the form 

L 2 M(u-Cl) 2 ML 2 , wherein L a bidentate ligand, and M a metal such as lr, 
with species XH which serve to introduce a bidentate ligand X. XH can be, for 
example, acetylacetone, 2-picoHnic acid, or N-methylsalicyclanilide, and H stands for 
hydrogen. The resultant product is of formula L 2 MX, wherein one can have an 
octahedral disposition of the bidentate ligands L, L, and X about M. 

The resultant compounds of formula L,MX can be used as phosphorescent^ 
emitters in organic light emitting devices. For example, the compound where.n 1*2- 
phenylbei^othiazole), X=acetylacetonate, and M-Ir (the compound abbreviated as 
BTIr) when used as a dopant in 4,4'-RN'-dicarbazole-bi P henyl (CBP)(at a level 12 A 
by mass) to form an emitter layer in an OLED shows a quantum efficiency of 12%. 
For reference, the formula CBP is 




The synthetic process to make L 2 MX may be used advantageously in a 
25 situation in which L, by itself, is fluorescent but the resultant L 2 MX is 

phosphorescent. One specific example of this is where L=coumann-6. 

The synthetic process facilitates the combination of L and X pairs of certain 

desirable characteristics. 

THe appropriate selection of L and X allows color tuning of the complex 
L.MX relative to L,M. For example. Wppy), and (ppy),.r<acac) both give strong 
green emission with a J. of 510 nm [ppy denotes phenyl pyridine]. However, ,f the 
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X ligand is fenced from picolinic acid instead of from ace.ylac.one. .here U a small 

blue shift of about 15 nm. . 

Furthermore, X can be selected such that it has a certain HOMO level relative 
,o the LjM complex so that carriers (holes or electrons) might be trapped on X (or on 
L) without a deterioration of emission quality. In this way, carriers (holes or 
electrons) which might otherwise contribute to deleterious oxidation or reduct.on of 
the phosphor would be impeded. The carrier that is remotely trapped could read.ly 
.combine with the opposite carrier either intramolecularly or with the earner from an 

adjacent molecule. . 

The mvent.on, and its various embodiments, are discussed in more deta.1 m 
the examples below. However the embodiments may operate by different 
mechamsms. Without limitation and without limiting the scope of the invent.on, we 
discuss the Afferent mechamsms by which various embodiments of the invenuon may 
operate. 

II B 1 c Dexter and Forster mechanisms 

To understand the different embodiments of this invention it is useful to 
discuss the underlying mechanistic theory of energy transfer. There are two 
mechanisms commonly discussed for the transfer of energy to an acceptor molecule. 
In the first mechanism of Dexter transport (D.L. Dexter, "A theory of sens.t,zed 
,uminescence in solids," J. Cher, Phy,, 1953, 21, 836-850), the exciton may hop 
directly from one molecule to the next. Th.s ,s a short-range process dependent on the 
overlap of molecular orbitals of neighboring molecules. It also preserves the 
symmetryofthe donor and acceptor pair (E. Wigner and E.W. Wittmer, l»er d,e 
Struktur der zweiatomigen Molekelspektren nach der Quantenmechanik, Ze.tschnft 
fur Physik, 1928, 51, 859-886; M. Klessinger and J. Michl, Excited states and 
photochemistry of organic molecules (VCH Publishers, New York, 1995). Thus, the 
energy transfer of Eq. (1) is not possible via Dexter mechanism. In the second 
mechanism of Forster transfer ( T. Forster, Zw.schenmolekulare Energiewanderung 
and Fluoreszenz, Annalen der Physik, 1948, 2, 55-75; T. Forster, Fluoreszenz 
organischerVerbindugen(VandenhoekandRuprecht,Gottinghen, 1951 ), the energy 
transferofEq.O)* possible. In Forster transfer, similar to a transmitter and an 
antenna, dipoles on the donor and acceptor molecules couple and energy may be 
transferred. Dipoles are generated from allowed transitions in both donor and 



5 



WO 01/41512 



PCT/USOO/32511 



10 



15 



20 



25 



30 



acceptor molecules. This typically restricts .he F6ts.er mechamsm to transfers 

between singlet states. , ■ 

Nevertheless;* long as the phosphor can emit light due to some perturbatton 
of the state such as due ,0 spin-orbi. coupling introduced by a heavy metal atom. ,. 
r^y participate as the donor in FOrster transfer. The efficiency of the process* 
determined by the luminescent efficiency of the phosphor (F Wtlkinson > A vances 
in Photochemtstry (eds. W.A. Noyes, G. Hammond, and J.N. Pins, pp. 24,-268 John 
Wiley & Sons, New York. 1964), i.e. if a radiative transition is more probable than a 
non-radiative decay, then energy transfer will be efficient. Such ,riple.-s,ng.e, 
transfers were predicted by FOrster (T. FOrster.'Transfer mechanisms of electron, 
excitation," Discussions of .he Faraday Society, 1959, 27, 7-17) and confirmed by 
Ermolaev and Sveshnikova (V.L. Ermolaev and E. B. Sveshnikova, "Inducttve- 
r esonance transfer of energy from aromatic molecules in the triple, state," Doklady 
Akademii Nauk SSSR, .963, 149, 1295-1298), who detected the energy transfer usmg 
a range of phosphorescent donors and fluorescent acceptors in rigid med,a at 77K or 
90K. Large transfer distances are observed; for example, with tnphenylam.ne as the 
donor and chrysoidine as the acceptor, the interaction range is 52A. 

The remaining condition for F6rster transfer is that the absorption spectrum 
should overlap the emission spectrum of the donor assuming the energy levels 
beween the excited and ground state molecular pair are in resonance. In Example 
of ,h,s application, we use the green phosphor fac ,ris(2-phen y lpyridine) irid.um 
Wppy), ;M. A. Baldo, * al., Appl. Phys. Lett., 1999, 75, 4-6, and * 
dye7Le.hyl-6-l2-(^ 

pyran-ylidene, propane-dinitrile, ("DCM2"; C. W. Tang, S. A. VanSly^an C R 
Chen, "Electroluminescence of doped organic films," J. Appl. Phys.. .989, 65 6.0- 
36.6) DCM2 absorbs in .he green, and, depending on the local polarizat.on Held (V. 
Bulovic, e, a... "Bright, saturated, r«l-.o-yel.ow organic light-em.tt.ng device based 
„„ polarization-induce* spec,ra. shifts," Chem. Phys. Let,, .998. 287, 455-460), ,. 
emits al wavelengths between X-570 nm and X-650 nm. 

his possible to implement FcWer energy transfer from a triple, state by 
doping a fluorescent guest into a phosphorescent host materia,. Unfortunately, such 
systems are affected by competitive energy transfer mechanisms that degrade the 
overall efficiency. In particular, the close proximuy of the host and guest mcrease the 
hkelihood of Dexter transfer benveen the host to the gues, triplets. Once exc.ons 
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reach the guest triple. -* ^ - « "~ ^ *" 

.ypically exhibi. extremely inefficient phosphorescence. 

Tomaximizeu.etransferofhosttrip.eutonuorescentoyes.ngtos.t , 

u • transfers enerey between neighboring molecules, reducing the 
' 0„.heo>herhana,.on Bra n g eF6rs,er™sfer«oU.es mg .e.s,a,= ,s 

^■triplets, andmaybeimprovedby increasing the concentra, .onofthe 

phosphor. 

II B 2. Interrelation of device structure and emission 

D.viceswhoses.rucmreisbaseouponmeuseoflayersoforgan.c 

«„als eenerally re.y on a common mechanism leading to opttca. 
optoelectronic materials general* e , recombir ,a.ion of a 

— ^'"rror^lCLofat.east^minorsanic layers 

transporting layer (HTL), and tn lrons an "electron transporting layer" (ETL). 

j ■ „ trt : tc a hilitv to transport electrons, an eiecuun k 
accordtng to ..s abthty t P ^ ^ ^ a ^ bm 

electron transporting layer. The portion 

^ode thus forms a hole injecting and transporting zone while the portion of. 
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organic devices, the electroluminescent layer comprises a luminescence zone 
receiving mobile charge carriers (electrons and holes) from each electrode. 

As noted above, fight emission from OLEDs is typically via fluorescence or 
phosphorescence. There are issues with the use of phosphorescence. It has been 
noted that phosphorescent efficiency can decrease rapully at high current densrt.es. It 
m ay be that long phosphorescent lifetimes cause saturation of emissive sues, and 
triplet-triplet annihilation may also produce efficiency lc;ses. Another difference 
between fluorescence and phosphorescence is that energy transfer of triplets from a 
conductive host to a luminescent guest molecule is typically slower than that of 
singlets; the long range dipole-dipole coupling (Forster transfer) which dommates 
energy transfer of singlet, is (theoretically) forbidden for triplets by the principle of 
spin symmetry conservation. Thus, for triplets, energy transfer typically occurs by 
diffusion of excitons to neighboring molecules (Dexter transfer); significant overlap 
of donor and acceptor excitonic wavefunctions is critical to energy transfer. Another 
issue is that triplet diffusion lengths are typically long (e.g., >1400A) compared wrth 
typical ringlet diffusion lengths of about 200A. Thus, if phosphorescent devices are 
to achieve their potential, device structures need to be optimized for triplet properties. 
In this invention, we exploit the property of long triplet diffusion lengths to improve 

external quantum efficiency. 

Successful utilization of phosphorescence holds enormous promise for organic 
electroluminescent devices. For example, an advantage of phosphorescence is that all 
excitons (formed by the recombination of holes and electrons in an EL), which are (in 
part) triplet-based in phosphorescent devices, may participate in energy transfer and 
luminescence in certain electroluminescent materials. In contrast, only a small 
percentage of excitons in fluorescent devices, which are singlet-based, result in 

fluorescent luminescence. 

An alternative is to use phosphorescence processes to improve the efficiency 
of fluorescence processes. . Fluorescence is in principle 75% less efficient due the 
three times higher number of symmetric excited states. 

Il.C. Background of materials 
I1C.1. Basic heterostructures 

Because one typically has at least one electron transporting layer and at least 
one hole transporting layer, one has layers of different materials, forming a 
heterostructure. The materials that produce the electroluminescent emission may be 
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the same materials that function either as the electron transporting layer or as the hole 
transporting layer. Such devices in which the electron transporting layer or the hole 
transporting layer also functions as the emissive layer are referred to as having a 
single heterostructure. Alternatively, the electroluminescent matenal may be present 
5 in a separate emissive layer between the hole transporting layer and the electron 

transporting layer in what is referred to as a double heterostructure. The separate 
emissive layer may contain the em.ssive molecule doped into a host or the em.ss.ve 
layer may consist essentially of the emissive molecule. 

That is in addition to emissive materials that are present as the predominant 
component in the charge carrier layer, that is, either in the hole transporting layer or 
in the electron transporting layer, and that function both as the charge earner matenal 
as well as the emissive material, the emissive material may be present ,n relatively 
low concentrations as a dopant in the charge carrier layer. Whenever a dopant is 
present, the predominant material in the charge carrier layer may be referred to as a 
15 host compound or as a receiving compound. Materials that are present as host and 

dopant are selected so as to have a high level of energy transfer from the host to the 
dopant material. In addition, these materials need to be capable of producing 
acceptable electrical properties for the OLED. Furthermore, such host and dopant 
materials are preferably capable of being incorporated into the OLED using 
20 materials that can be readily incorporated into the OLED by using convenient 

fabrication techniques, in particular, by using vacuum-deposition techniques. 

II.C.2. Exciton blocking layer 

One can have an exciton blocking layer in OLED devices to substantially 
25 block the diffusion of excitons, thus substantially keeping the excitons within the 

emission layer to enhance device efficiency. The material of blocking layer is 
characterized by an energy difference ("band gap") between its lowest unoccupied 
molecular orbital (LUMO) and its highest occupied molecular orbital (HOMO) Th,s 
band gap substantially prevents the diffusion of excitons through the blocking layer, 
30 yet has only a minimal effect on the turn-on voltage of a completed 

electroluminescent device. The band gap is thus preferably greater than the energy 
level of excitons produced in an emission layer, such that such excitons are not able to 
exist in the blocking layer. Specifically, the band gap of the blocking layer is at least 
as great as the difference in energy between the triplet state and the ground state of the 



35 host. 
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For a situation with a blocking layer between a hole-conducting host and the 
electron transporting layer, one seeks the following characteristics, which are listed in 
order of relative importance. 

1 . The difference in energy between the LUMO and HOMO of the blocking layer is 
greater than the difference in energy between the triplet and ground state singlet of the 
host material. 

2. Triplets in the host material are not quenched by the blocking layer. 

3. The ionization potential (IP) of the blocking layer is greater than the ionization 
potential of the host. (Meaning that holes are held in the host.) 

4. The energy level of the LUMO of the blocking layer and the energy level of the 
LUMO of the host are sufficiently close in energy such that there is less than 50% 
change in the overall conductivity of the device. 

5. The blocking layer is as thin as possible subject to having a thickness of the layer 
that is sufficient to effectively block the transport of excitons from the emissive layer 
into the adjacent layer. 

That is, to block excitons and holes, the ionization potential of the blocking layer 
should be greater than that of the HTL, while the electron affinity of the blocking 
layer should be approximately equal to that of the ETL to allow for facile transport of 
electrons. 

[For a situation in which the emissive ("emitting") molecule is used without a hole 
transporting host, the above rules for selection of the blocking layer are modified by 
iplacement of the word "host" by "emitting molecule."] 



rei 



For the complementary situation with a blocking layer between a electron- 
conducting host and the hole-transporting layer one seeks characteristics (listed in 
order of importance): 
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1 . The difference in energy between the LUMO and HOMO of the blocking layer is 
greater than the difference in energy between the triplet and ground state singlet of the 
host material. 

2. Triplets in the host material are not quenched by the blocking layer. 

3. The energy of the LUMO of the blocking layer is greater than the energy of the 
LUMO of the (electron-transporting) host. (Meaning that electrons are held in the 
host.) 

4 The ionization potential of the blocking layer and the ionization potential of the 
host are such that holes are readily injected from the blocker into the host and there is 
less than a 50% change in the overall conductivity of the device. 

5. The blocking layer is as thin as possible subject to having a thickness of the layer 
that is sufficient to effectively block the transport of excitons from the em.ssive layer 
into the adjacent layer. 

[For a situation in which the emissive ("emitting") molecule is used without an 
electron transporting host, the above rules for selection of the blocking layer are 
modified by replacement of the word "host" by "emitting molecule."] 
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ll.D. Color 

As to colors, it is desirable for OLEDs to be fabricated using materials that 
provide electroluminescent emission in a relatively narrow band centered near 
selected spectral regions, which correspond to one of the three primary colors, red, 
green and blue so that they may be used as a colored layer in an OLED or SOLED. It 
is also desirable that such compounds be capable of being readily deposited as a thin 
layer using vacuum deposition techniques so that they may be readily incorporated 
30 into an OLED that is prepared entirely from vacuum-deposited organic materials. 

U.S. 08/774,333, filed December 23, 1996 (allowed), is directed to OLEDs 
containing emitting compounds that produce a saturated red emission. 



35 
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HI ^yMMARV OF THF INVENTION 

of atomic nulber greater than 40, wherem M fonns an octahedral complex w„h three 
b ^ 1 . gands. * — i-Mes main group metals such as Sb, transmon metals 

metals of the third row of the transition series of the periodic table, and most 

organic Ugh, emittmg diodes. Tne complex may be deptcted as L L L M wh ™ 
L . and L represent the bidentate ligands and M the metai. Examp.es where all 
ligands are different are given in Figure 40. fm „ rf 

The invention is further directed to organometamc complexes of metal spec.es 
M with a bidentate monoanionic hgand in wh,ch M is coord.nated w.,1 , ar, , sp 
hybridized carbon and a heteroatom of.be hgar-i. The comp,ex may be of he form 
L M (wherein each .igand L species is the same,. L L' L» M (where, each hgand 
Sies L L-. L"is disnnct, or L.MX, wherem X is a monoanionic b.dentate hgand. 
h r g ene ra „v expected ma, the hgand L participates more in the em.ss.on proce* 
does X Preferably M is a third row transition metal and most preferably M ,s Ir 

Ich as nim,gen, of mo ligands L are ,» a trans conf.gura.ion. In the em^men, ,n 
M ,s clr Led with an sp> hybridized carbon and a he,eroa,om „ the hgand, 
^ preferred ma, ,he ring composing me - M, .he sp' hybndized carbon and the 
heteroatom contain 5 or 6 atoms. r,„™i„ es of 

Furthermore, the present invention is direc,ed ,0 ft. use 
.nmsuion meta. species M wi,h biden,ate ligands L and M in compounds of formula 
"theemLuyeroforganic.ightem.t.ingdic.e, A preferred embodnncn, 
impounds of fonnula W ,X. where,n L and X are distinct bidentate ,.ga^, as 
dopants ,n a hos, layer compns,ng ,o function as a emitter layer ,n organ.0 hgh. 

modules which function as emitters in light emitting device, The compounds of 
mis invention can be made according to the reacuon 
LMe-ClfeML, + XH -> L,MX * HC1 



wherein 
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WMO.-O.ML, is a chloride bridged dimer wtth L a bidemate Hgand. and M a metal 

N.n.,hy>salicyclani.ide. The method involves combm.ng .he UMCu-CVfcMU 
chloride bridged dimerwilhlheXHemity. ,,,,„■■ 
UV.X has approximaK cubed*, disposition of the bidentate hgands L. L. and 

ab0U, ^e present invention is further directed to the use of compounds of formula 
L,MX as phosphorescent emitters in organic Ugh. emttting devces. For example, the 

compound wherein L^phenylbenzotbiazole), X-acetylacetonate, and M-Ir 
compuun ^ t0 forTn 

(abbreviated as BTIr) when used as a dopant ,n CBP (at a level y 
an emitter layer in an OLED shows a quantum efficiency of 12%. 
For reference, the formula of A.^-N.N'-dicarbazole-biphenyl (CBP) ts 




The present invention is further directed to the organometaHic complex L,MX 
wheretn L, by itself, is foreseen, but the resultant L.MX is phosphorescent. One 
specific example of this is where L=coumarin-6. 

The pLn, invention is furme, directed to the appropriate selector, o L an 
X to allow c„.or tuning of the complex L.MX re.a,ive to L,M. For example, WW , 
and (ppyWKacac, bom give strong green emtssion with a A. of 5,0nm Ippy denotes 
pheXridine,. However, ifthe X Hgand ts formed from picolintc acd mstead of 
from acetylacetone, there is a small blue shift of about 15 nm. 
^ tepresentinventionisfunher directed to a selection of X such , ha, ,. has 

might be trapped on X (or on L) without a de.eriona.ion of em,ss,on ,ual . . In *.s 
Z carriers^ or eleoons, which might otherwise contribute , de eten us 
ox.da.ion «or reduction, of me phosphor would be impeded. The earner that .s 
remedy .rapped could readily recombine with me o PP osi,e earner Cher 
intramolecular* or wi.h the carrier from an adjacen. molecule. 
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Figure 1. Expected structure of L,IrX complexes along with the structure expected for 
PPIr. Four examples ofXligands used for these complexes are also shown. The 
structure shown is for an acac derivative. For the other X type ligands the O-O ligand 
would be replaced with an N-0 ligand. 

Figure 2. Comparison of facial and meridianal isomers of LjM. 

Figure 3. Molecular formulae of mer isomers disclosed herewith: mer-lr(ppy)3 and 
mer-Ir(bq)3. PPY (or ppy) denotes phenyl pyridyl and BQ (or bq) denotes 7,8- 
benzoquinoline. 

Figure 4. Models of mer-Ir(ppy) 3 and (ppy) 2 Ir(acac). 



Figure 5. (a)Electroluminescent device data (quantum efficiency vs. current density) 
for 12% by mass "BTlr" in CBP. BTIr stands for bis (2-phenylbenzothiazole) iridium 
20 acetylacetonate. (b) emission spectrum from device 

Figure 6. Representative molecule to trap holes. 

Figure 7. Emission spectrum of Ir(3-MeOppy) 3 . 

Figure 8. Emission spectrum of tpylrsd. 

Figure 9. Proton NMR spectrum of tpylrsd (=typlrsd). 

30 Figure 10. Emission spectrum of thpylrsd. 
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Figure 1 1 . Proton NMR spectrum of thpyrlrsd. 
Figure 12. Emission spectrum of btlrsd. 
Figure 13. Proton NMR spectrum of btlrsd. 
Figure 14. Emission spectrum of BQIr. 
Figure 15. Proton NMR of BQIr. 

Figure 16. Emission spectrum of BQIrFA. 

Figure 17. Emission spectrumof THlr (=thpy; THPIr). 

Figure 18. Proton NMR spectrum of THPIr. 

Figure 19. Emission spectra of PPIr. 

Figure 20. Proton NMR spectrum of PPIr. 

Figure 21 . Emission spectrum of BTHPIr (=BTPIr) 
Figure 22. Emission spectrum of tpylr. 

Figure 23. Crystal structure of tpylr showing trans arrangement of nitrogen. 
Figure 24. Emission spectrum of C6. 
Figure 25. Emission spectrum of C6Ir. 
Figure 26. Emission spectrum of PZIrP. 
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Figure 27. Emission spectrum of BONIr. 
Figure 28. Proton NMR of BONIr. 
Figure 29. Emission spectrum of BTIr. 
Figure 30. Proton NMR of BTIr. 
Figure 3 1 . Emission spectrum of BOIr. 
Figure 32. Proton NMR of BOIr. 
Figure 33. Emission spectrum of BTIrQ. 
Figure 34. Proton NMR spectrum of BTIrQ. 
Figure 35. Emission spectrum of BTlrP. 
Figure 36. Emission spectrum of BOIrP. 

Figure 37. Emission of btlr type complexes with different ligands. 
Figure 38. Proton NMR of mer-Irbq. 
25 Figure 39. Other suitable L and X ligands for L2MX compounds. 

Figure 40. Examples of L L' L" M compounds. 
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, rF T A ,irnDESCRIPJJO^^ 



V.A. Chemistry 

This invention is dirked .0 the synthesis and use of certam organometalhc 
molecu.es of formula L.MX wh.ch may be doped ,n,o a host phase in an emitter layer 
of an organic Ugh, emitting diode. Op.iona.,y, the mo.ecu.es of formuta L,MX may 
be used a, elevated concentrates or „ea. in the emitter .ayer. This inventton >s 
further directed lo an organic light emitting device comprising an emmer layer 
compristng a molecuie of the formuia L,MX whereto L and X are ineq-ivalent, 
bidentate iigands and M is a metai. preferab.y seiected from the third row of the 
transition eiements of the periodic tabie, and most preferab.y Ir or Pt, which forms 
octahedral complexes 

and wherein the emitter tayer produces an emission which has a maximum a, a cenam 

15 wavelength X m „. 

V.A.I. Dopants 

The general chemical formuia for the molecules which are doped mto the hos. 
phase ,s L,MX, wherein Mis a transition metal ion which forms octahedra. 
complexes.Lisab.dentateHgand.andXisadis.inctb.den.a.eligand. 

Examples of L are ^l-naphthyllbenzoxazole), (2-phenylbenzoxazo.e,, (2- 
phe„y.berao* 1 azo.e,.(2-ph=ny,ben^^ 
( ,hieny.pyridine>,pheny,pyn^^ 
thienylpyridine, and tolylpyridine. 

Examples of X are acetylacetonate ("acac"), hexatluoroacetylacetonate, 

salicylidene, picolinate, and 8-hydroxyquinolinate. 

Purther examples ofL and X are given in Figure 39 andsti,, further examples 

of L and X may be found in Comprehensive Coordination Chemistry. Volume 2, G. 
Wlkinson (editor-in-chteO, Pergamon Press, especiaHy in chapter 20.1 (beginning at 
page 7,5) by M. Cal.igaris and L. Randaccio and in chapter 20.4 (beginning a. page 
30 793)byR.S.Vagg. 
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V.A.2. Synthesis of molecules of formula L 2 MX 

V A 2 a. Reaction scheme 

The compounds of formula L 2 MX can be made according to the reaction 

L 2 M(u-Cl) 2 ML 2 + XH ->L 2 MX + HC1 

wherein 

L 2 M(u-Cl) 2 ML 2 is a chloride bridged dimer with L a Edentate ligand, and M a metal 
such as Ir; 

XH is a Bronsted acid which reacts with bridging chloride and serves to introduce a 
bidentate ligand X, where XH can be, for example, acetylacetone, 
hexafluoroacetylacetone, 2- P icolinic acid, or N-methylsalicyclanilide. 
L 2 MX has approximate octahedral disposition of the bidentate ligands L, L, and X 
about M. 



15 



20 



25 



30 



V.A.2.b. Examples 

UrtKWrt, complexes were prepared from IrC.-nH.O and .he appropriate Ugand 
by literature procedures <S. Sprouse, K. A. King, P. J. Spellane, R. J. Watts, J. Am. 
Chem Soc., 1984, 106, 6647-6653; for genera, reference: G. A. Carlson, e. al„ Inorg. 
Chem, 1993, 32, 4483; B. Schmid, e. a.., Inorg. Chem., .993, 33, 9, F. Garces, et al, 
Inorg. Chem.., .988, 27, 3464; M. G. Colombo, et a... Inorg. Chem., 1993, 32, 3088; 
A Mamo, e, a... Inorg. Chem., 1997, 36, 5947; S. Serroni. e, a... J. Am. Chem. Soe., 
,994 1 16, 9086; A. P. Wilde, e, al.. J. Phys. Chem., 1991 , 95. 629; J. H. van Dtemen, 
et al., inorg. Chem., 1992, 31, 3518; M. G. Colombo, et al., Inorg. Chem., 1994, 33, 
545) 

, r( 3-MeOppy),Ir(a M cM0.57g.l,7mmo,)a„d 3 .me.hoxy-2-pheny.pyrid i ne,..3g, 
7 02 mmol) were mixed in 30 ml of glycerol and heated ,o 200-C for 24 tos under N, 
Theresu.tingmixture was added to 1 00ml of 1 MHCI. The precipitate was collected by 
fdtrationandpurifiedbycolumnchrom^^ 

product as bright yellow solids (0.35 g, 40%). MS (El): m/z (relative intensity) 745 (M , 
100), 561 (30), 372 (35). Emission spectrum in Figure 7. 
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tpylrsd. The chloride bridge dimer (tpylrCl), (0.07 g, 0.06 mmol), salicylidene (0.022 
g , 0.16 mmol) and Na 2 C0 3 (0.02 g, 0.09 mmol) were mixed in 10 ml of 1,2- 
dichloroethane and 2 ml of ethanol. The mixture was refluxed under N 2 for 6 hrs or until 
no dimer was revealed by TLC The reaction was then cooled and the solvent evaporated. 
The excess salicylidene was removed by gentle heating under vacuum. The residual solid 
was redissolved in CH 2 C1 2 and the insoluble inorganic materials were removed by 
filtration. The filtrate was concentrated and column chromatographed using CH2C12 as 
the eluent to yield the product as bright yellow solids (0.07 g, 85%). MS (EI): m/z 
(relative intensity) 663 (M\ 75), 529 (1 00), 332 (35). The emission spectrum is in Figure 
8 and the proton NMR spectrum is in Figure 9. 

thpylrsd. The chloride bridge dimer (thpylrCl), (0.21 g, 0.19 mmol) was treated the 
same way as (tpylrCl),. Yield: 0.21 g, 84%. MS (EI): m/z (relative intensity) 647 (M^, 
1 00), 5 1 3 (30), 486 (15), 434 (20), 324 (25). The emission spectrum is in Figure 10 and 
the proton NMR spectrum is in Figure 1 1 . 

btlrsd. The chloride bridge dimer (btlrCl), (0.05 g, 0.039 mmol) was treated the same 
way as (tpyliCl),. Yield: 0.05 g, 86%. MS (EI): m/z (relative intensity) 747 (M\ 100), 
613 (100), 476 (30), 374 (25), 286 (32). The emission spectrum is in Figure 12 and the 
proton NMR spectrum is in Figure 13. 

Ir(bq) z (acac), BQIr. The chloride bridged dimer (lr(bq) 2 Cl) 2 (0.091 g, 0.078 mmol), 
acetylacetone (0.021 g) and sodium carbonate (0.083 g) were mixed in 10 ml of 2- 
ethoxyethanol. The mixture was refluxed under N 2 for 10 hrs or until no dimer was 
revealed by TLC. The reaction was then cooled and the yellow precipitate filtered. The 
product was purified by flash chromatography using dichloromethane. Product: bright 
yellow solids (yield 91%). 'H NMR (360 MHz, acetone-d & ), ppm: 8.93 (d,2H), 8.47 
(d,2H), 7.78 (m,4H), 7.25 (d,2H), 7. 1 5 (d,2H), 6.87 (d,2H), 6.2 1 (d,2H),5.70(s,lH), 1.63 
(s,6H). MS, e/z: 648 (M+,80%), 549 (100%). The emission spectrum is in Figure 1 4 and 
the proton NMR spectrum is in Figure 15. 
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Ir(bq) J (Facac)3QlrFA.Th e chlondebridgedd,mer(Ir(bq)Xl) 2 (0.091g,0.078mm 
hexafluoroacetylacetone (0.025 g) and sodium carbonate (0.083 g) were mixed in 10 ml 
of 2-ethoxyethanol. The mixture was refluxed under N 2 for 1 0 hrs or until no dimer was 
revealed by TLC The reaction was then cooled and the yellow precipitate filtered. The 
product was purified by flash chromatography using dichloromethane. Product: yellow 
solids (yield 69%). 'H NMR (360 MHz, acetone-d 6 ), PP m: 8.99 (d,2H), 8.55 (d,2H), 7.86 
(m,4H), 7.30 (d,2H), 7.14 (d,2H), 6.97 (d,2H), 6.13 (d,2H), 5.75 (s,lH). MS, e/z: 684 
(M+,59%), 549 (100%). Emission spectrum in Figure 16. 

IKtnpvMacac), THPIr. The chloride bridged dimer (Ir(th P y) 2 Cl) 2 (0.082 g, 0.078 
mmol), acetylacetone (0.025 g) and sodium carbonate (0.083 g) were mixed in 10 ml of 
2-ethoxyethanol. The mixture was refluxed under N 2 for 10 hrs or until no dimer was 
revealed by TLC. The reaction was then cooled and the yellow precipitate f.ltered. The 
product was punfied by flash chromatography using dichloromethane. Product: yellow- 
orange solid (yield 80%). "H NMR (360 MHz, acetone-d 6 ). ppm: 8.34 (d,2H), 7.79 
(m,2H), 7.58 (d,2H), 7.21 (d,2H). 7.15 (d,2H), 6.07 (d,2H), 5.28 (s,l H, 1 .70 (s,6H). MS, 
e/z: 612(M+,89%),513(100%). The emission spectrum is in Figure 17 (noted "THIr") 
and the proton NMR spectrum is in Figure 18. 

MppyMacac), PPIr. The chloride bridged dimer (Ir( P py) 2 Cl) 2 (0.080 g, 0.078 mmol), 
acetylacetone (0.025 g) and sodium carbonate (0.083 g) were mixed in 10 ml of 2- 
ethoxyethanol. The mixture was refluxed under N 2 for 10 hrs or until no d.mer was 
revealed by TLC. The reaction was then cooled and the yellow precipitate filtered. The 
product was purified by flash chromatography using dichloromethane. Product: yellow 
solid (yield 87%). 'H NMR (360 MHz, acetone-d 6 ), ppm: 8.54 (d,2H), 8.06 (d,2H), 7.92 
( m,2H). 7.81 (d,2H), 7.35 (d,2H), 6.78 (m,2H), 6.69 (m,2H), 6.20 (d,2H), 5.12 (s.lH, 
1 .62 (s,6H). MS, e/z: 600 (M+,75%), 501 (100%). The emission spectrum is in Figure 
1 9 and the proton NMR spectrum is in Figure 20. 

IKbthpvWacac), BTPlr. The chloride bridged dimer (Ir(bthpy) 2 Cl) 2 (0.103 g, 0.078 
mmol), acetylacetone (0.025 g) and sodium carbonate (0.083 g) were mixed ,n 10 ml of 
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2.e,hoxye,haoo,. The mtxture was refluxed under N, for ,0 hrs or un.,1 » - « 
revealed by TLC. The reaction was then cooled and the yeHow precipice fi.lered. The 

5 oHd(y i e 1 d49y.).MS.e/z-.7,2(M + .66%),6.3(100%).En,i S sia„spec,ru m ,s,nF,gu, 



21. 



L^ine ,3,09 g, 20,4 mmol, in 2-e.hoxye,hano. (30 tnL) was refluxcd for 2, 
hours. The yellow-green mixture was coded ,o room temperature and 20 mL of .0 
M HCI was added to precipitate the product. The mixture was filtered and washed 
with lOOmLofl.OMHC. followed by 50 mLofmethanol then dried. Theproduc, 
was obtained as a yellow powder (1 .850 g, 65%). 

IWppI)2 cn i: A solution of .tCI.-xH^, 0.904 g , 3.027 mmo!) and ,-phenylpyrazo.e 
, 725S n WmmoDinJ.thoxyethanoUJOmDwasrefluxedforZlhou.. The 

^dedtoprecipitateUteproduc, The mixture was filtered and washed wtth.OtnL 
of , .0 M HCI followed by 50 mL of methanol then dried. The product was obtatned 

as a light gray powder (1.133 g, 73%). 

0 UnC^C, Aso,u,ionoftrC, 3 .»H,O(0.075g,0.251 mmo.) and ccumarin C6 1 3-(2- 

benzomiazolylHKdiethyDcoumarin] (Aldrich) (0.350 g, 1 .00 mmol) » 2- 

a r h^r* The dark red mixture was cooled 
eutoxyethanol(l 5 mL) was refluxed for 22 hours. The da* 

* room temperas and 20 mL of 1.0 M HCI was added to prectptute the product. 

25 The mixture was filtered and washed w„h lOOmLof 1.0M HC, followed by H mL 

of mahanol. The product was dtssolved in and precised wtth memanol. The sohd 

was filtered and washed w,,h methanol until no green emisston was observed m 

filtrate. The product was obtained as an orange powder (0.0657 g. 28%). 

IKotDV),*.. (tpvl'l^ A solution of IWptpyhdh 0.705 g . 1.511 ™™'>. ^ 

!0 ^il^^-a-*"^*'*--'— 
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(60 mL) was refluxed for 40 hours. The yellow-green mixture was cooled to room 
temperature and the solvent was removed under reduced pressure. The product was 
taken up in 50 mL of CH 2 C1 2 and filtered through Celite. The solvent was removed 
under reduced pressure to yield orange crystals of the product (1 .696 g, 89%). The 
emission spectmm is given in Figure 22 . The results of an x-ray diffraction study of 
the structure are given in Figure 23. One sees that the mtrogen atoms of the tpy 
Ctolyl pyridyl") groups are in a trans configuration. For the x-ray study, the number 
of reflections was 4663 and the R factor was 5.4%. 

Ir(C6) 2 acac (C6lr): Two drops of 2,4-pentanedione and an excess of Na 2 C0 3 was 
added to solution of [Ir(C6) 2 ClL in CDC1, The tube was heated for 48 hours at 50 
o C and then filtered through a short plug of Celite in a Pasteur pipet. The solvent and 
excess 2,4-pentanedione were removed under reduced pressure to yield the product as 
an orange solid. Emission of C6 in Figure 24 and of C61r in Figure 25. 

Ir(ppz) 2 pico 1 in a ,e(PZIrp): A solution of [Ir(pp Z ) 2 C.] 2 (0.0545 g .0.0530 mmol) and 
picolinic acid (0.0525 g, 0.426 mmol) in CH,Cl 2 (15 mL) was refluxed for 16 hours. 
The light green mixture was cooled to room temperature and the solvent was removed 
under reduced pressure. The resultant solid was taken up in 10 mL of methanol and a 
light green solid precipitated from the solution. The supernatant liquid was decanted 
off and the solid was dissolved in CH 2 C1 2 and filtered through a short plug of s.hca. 
The solvent was removed under reduced pressure to yield light green crystals of the 
product (0.0075 g, 12%). Emission in Figure 26. 

2-(l-na P hthyl)be n zo X azole,(BZO-Na P h).(11.06g, 101 mmol) of 2-aminophenol was 
mixed w,th (15.867* 92.2mmol) of l-na P hthoic acid in thepresence of polyphosphonc 
acid Themixturewasheatedandst,rredat240»CunderN J for8hrs. The mixture was 
allowed to cool to 10CC. this was followed by addition of water. The insoluble residue 
was collected by filtration, washed with water then reslurried in an excess of 10 % 
Na2C03 The alkaline slurry was filtered and the product washed thoroughly with water 



22 



WO 01/41512 



PCT/USOO/32511 



and dried under vacuum. The product was purified by vacuum distillation. BP 140°C 
/0.3mmHg. Yield 4.8 g (21%). 

Tetrakis(2-(l-naphthyl)benzoxazoleC\ yNr)(u-dichloro)diiridium. <(Ir 2 (BZO- 
5 Naph) 4 CI) 2 ). Indium trichloride hydrate (0.388 g) was combined with 2-(l- 

naphthyl)benzoxazole(1.2g,4.88mmol),The mixture was dissolved in 2-ethoxyethanol 
(30 mL) then refluxed for 24 hrs: The solution was cooled to room temperature, the 
resulting orange solid product was collected in a centrifuge tube. The dimer was washed 
with methanol followed by chloroform through four cycles of centrifuge/redispersion 
10 cycles. Yield 0.66g 

Bis(2-(l-naphthyl)benzoxazole) acetylacetonate, Ir(BZO-Naph) 2 (acac), (BONIr). 

The chloride bridged dimer (Ir 2 (BZO-Naph) 4 Cl) 2 (0.66 g, 0.46 mmol), acetylacetone 
(0.185 g) and sodium carbonate (0.2 g) were mixed in 20 ml of dichloroethane. The 

,5 mixture was refluxed under N 2 for 60 hrs. The react.on was then cooled and the 

orange/red precipitate was collected in centrifuge tube. The product was washed with 
water/methanol (1:1) mixture followed by methanol wash through four cycles of 
centrifuge/redispersioncycles. Theorange/redsolidproductwaspurif.edbysublimation. 
SP 250°C/ 2xl0" 5 torr.yield 0.57g (80%). The emission spectrum is in Figure 27 and the 

20 proton NMR spectrum is in Figure 28. 
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. .♦nnotP fBTlrV. 9.8 mmol (0.98g, 
ml .^y^*»» '^' t0 Z'ZL^ oH , mmo, 2- 

.pp— -.-^^J Reactionmi „ ure ^coo Hl o 

re flu* under nitrogen .n en o.l bath for seven,! 

ro om iemperaiure, and .be orange prec,i«.e »as ^ ™J Successive 

filtrations and precipitates afforded a 75 /oy,eid. 
29 and the proton NMR spectrum is in Figure 30 . 

mOIrV 9 8 mmol (0.98g, 1 -OmL) of 2,4- 
Bis(2- P henylbenzooxazole) Iridium acac (BOIr). 

P-v~U W diur„^^^^ 

APP-irnaieiy.gofsod.urncarc.na.e^o^ ^ ^ was ^ 
^xunderniirogeninanoilbarhovernrghU ^ 

,s in Hgure 31 and .he proton NMR spectrum is in Frgure . 

^.ure was beated ,0 refiux under nitrogen ,n an o„ ba o vern 

xvi» filtrate was concentrated and meinaiw 
off via vacuum. The iutraie w» v 
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moreproduc, Successive nitrations and precautions afford*! a 57%yield. The 
emission spectrum* in Figure 33 and the proton NMR spectrum is in Figure 34 . 



10 



Bis(2-pne»ylbe.*o.bi»zo.e> Iridium picoliuat, (BTlrP): 2.14 mmol <0.26g> of 
picolinic acid was added to a room-temperature solution of 0.80 mmol 2- 
phenylbe^othiazole Iridium chloride dimer <1.0g) in 60mL of dichloromethane. The 
mixture was heated to reflux under nitrogen in an oil bath for 8.5 hours. The reacuon 
mixture was cooled to room temperature, and the yeUow precipitate was filtered off 
via vacuum. The filtrate was concentrated and methanol was added to preapnate 
more product. Successive fi.tra.ions and precipitations yielded about 900mg of 
impure product. Emission spectrum is in Figure 35. 



BW-pbenylbe—le) Iridium picolta.te (BOIrP): 0.52 mmol (0.064g) of 
picolinic acid was added to a room-temperature solution of 0.14 mmol 2- 
pheny.benzoxazo.e iridium chloride dimer (0.18g) in 20mL of dichloromethane. The 
mixture was heated to reflux under nitrogen in an oil bath overnight (1 7.5hrs.). 
Reaction mixture was cooled to room temperature, and the yellow precipitate was 
filtered off via vacuum. The precipitate was dissolved in dich.oromeu.ane and 
transferred to a via., and the solvent was removed: Emission spectrum is in F.gure 36. 



Comparative emission spectra for different V m btlr complexes are in Figure 37. 



20 



25 



V A 2 c. Advantages over the prior art 

This synthesis has certain advantages over the prior art. Compounds of 
formula PtLj cannot be sublimed without decomposition. Obtaining compounds of 
formula IrL, can be problematic. Some ligands react cleanly with lr(acac,3 to gtve 
the tris complex, bu, more than half of the ligands we have studied do no. react 
cleanly in the reaction: 
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3 L + Ir(acac)3 — > L 3 lr + acacH 

.ypical.y 30% yield, W-phenylpyridtne, betuoo.uino.ine, 2..hienylpyndme 
A prefer route to lr complexes can be through .he chloride-bridged duner 
L,M(|i-Cl)!MLjvia 

4 L + lrC13.nH20 -> UMlj.-CftML, * 4 Hcl 

Although fewer than 10% offte hgands we have stud.ed faHed to gtve the lr d.mer 
clean , y and in high yield, the converse of the dimer into the tns complex IrL, ,s 
problematic working for only a few Hgands. 
WVICU-C^MU + 2Ag- + 2L -> L,lr + 2AgCl 

We have discovered that a far more fruitful approach to preparing 
pbosphorescent complexes is to use chloride bridged dimers to create emmers, The 
duner ttself does no. emit strongly, presumably because of strong se,f ouenchtng by 
ft. ad.acen, meta. (e.g.. indium) atoms. We have found tha, the chloride hgands can 
be replaced by a chelafng ligand ,0 give a stable, octahedrai metal complex through 
the chemistry: 

UMCu-Cl^MLi + XH ->L,MX + HC1 

WehaveextenstvelystudiedthesystemwhereinM-ridium. TheresuUan, 

ln dium complexes emit strongly, in most cases with lifetimes of 1-3 mi— 
CVsec"). Such a lifetime is indicate of phosphorescence (see Charles Kmel 
Introduction to Solid State Physics, The transi.ton in these materials is a meta, hgand 

charge transfer ("MLCT"). 

„ fte DeUHed Discussion below, we analyze da,a of emission spec.ra and 
hfetimes of a number of different complexes, all of which can be changed as 
L.MX (M=.r, where L is a cyclomeullated (bidentate, ligand and X ts a W-» 
, iga „d. .nnearlyeverycasctheemissioninftesecomplexesisbasedonanMLCT 
lition be^cen .r and fte L ligand or a mixture of that transition and an .ntrahgand 
^nsition. specificexam^aredescribedbdow. Based on fteoretica and 
spKl roscopic studies, the complexes have an octahedral coordination about the m u 

( L example, for fte nhrogen heterocycles of fte L ligand. there ,s a trans dtsposttton 

in the Ir octahedron). 
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Specify, in Figure 1. we give ,he s,n,c,ure for MrX, wherein L - 2- 
pheny. pyridine and X - acac, picoUnate (from pico.in.c acid), sa.icy.ani.ide. or 8- 

hydroxyquinolinate. 

V A 2 d Facial vs. meridianal isomers 

"a slight variation of the synthetic route to make L,lrX allows formation of 
meridiana, isomers of formula L,.r. The Wr complexes that have been d,sclosed 
p ,ev,ous,y a., have a facia, disposition of the chela.ing .igands. Herew.th. we d-sc.ose 
LfoJionanduseofmend^.U.rcomp.exesasphosphorsinOLEDs.Thenvo 

structures are shown in the Figure 2. -, k ,„„*-\ 
The faca. L,lr isomers have been prepared by the reacnon of L with WacaC 
m reflux,ngg,ycero.asdescnbed,ne, ! ua„on , (be,ow, A preferred route into L,Ir 
compiles is through the ch,oride bridged dimer *-» 
(b e,ow). The product of equation 3 is a faca, .somer. identicat ,. the one formed from 
Uac., ThebenemoftheUUerprepisabeneryieidof facaUL,., lf.helh.rd 
, and L added ,0 the dimer in the presence of base and acety.ace.one (no Ag > a go* 
y L of the meridiana, isomer is obtamed. The meridiana, isomer does no, convert to 
*, faca. one on recrystal.izanon. reding in coordinating so.vents or on 
M b,ima,.o, Two examp.es of these mend,ana, compiexes have been fonned me, 
. ,rppy and mer-lrb, (Figure „, however, we be.ieve tha, any ligand that g.ves a stable 

facial-L,Ir can be made into a meridianal form as well. 

(11 3 L + lr(acac), -♦ facial- L,lr + acacH 

typically 30% yie,d, L = 2-pher,ylpynd,ne, bezoouinoline. 2. m i«ny.pynd.ne 

(2) 4 L + IrC^O - WWu-CWrl-, + 4 HC1 

typically > 90% yield, see attached spectra for examples of L, also works well 

for all ligands that work in (1) 

!0 m UrW, + 2 Ag- + 2L ^^^l MW0rkwellf0I 

typically 30% yield, only works well for the same ngan 
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(1) 



10 



15 



20 



(4) UrtM-CWrf., * XH + Na,CO, + L -» merdia„al-L,lr 
typically > 80% yield, XH = acetylacetone 

Surprisingly, the photophysics of the Indiana, isomers is different from ,ha, 
ofthe facia, forms. This can be M in the deuilsofhe spectra disced be!ow, 
which show a marked red shift and broadening .n the meridiana. isomer re.at.ve to us 
ftcia, counterpart The em.ss.on lines appear as ,f a red band has been added .o .he 
and characterise of the facal-L,!, The sUucture ofthe mendiana, isomer ,s s,m,ar 
t0 those of L,lrX complexes, with respect, for example, to the arrangement of the N 
„oms of the ligands about .r. Specified for L W hgands, the nitroger , o *. L 

Ugand is trans ,n both mer-MPPy), - <W»*"«* ™ «*" ' ^ 

for the mer-L,.r comp,exes has the same coordination as the X ligand of L : lrX 
complexes. In order ,o illustrate this point a mode, of mer-lrtppy), * shown next to 
(p pv),.r<acac> ,n Figure 4. One of the ppy Hgands of mer-Wppy), " -rdinated ,o 
thc ,r center in the same geometry as the acac ligand of (ppyhMacac). 

The HOMO and LUMO energies of these L,lr molecu.es are dearly affected 
„y the choice of isomer. These energies are very important is contro.iing the current- 
voltage characteristics and Hfetimes of OLEDs prepared with these phosphors. 

The syntheses for the two isomers depicted in Figure 3 are as follow, 



25 g ynthPses of r "-"^ anal isomers: 

91 mg (0.078 mmo„ o„.r(b,)2C.,2 dimer, 35.8 mg (0.2 mrnol, of7> 
oenzouumohne, 0.02 ml of acetone (ca. 0.2 mrnol, and S3 mg (0,8 mm 0 
sodium carbonate wereboi.ed in ,2 ml of 2-ethoxyethano, (used as rece.ved for 
30 hours in inert atmosphere. Upon cooling yellow-orange >™'™ f ™^" 

stated by filtration and flash chromatography (silica gel. CH2CI2) (yteld 72 /.,. 
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NMR (360 MHz, dichloromethane-t^ppn, 8.3! (,,1H), 8.18 (,.1H). 8 .2 (,.1H> 
8 03(n,2H), 7 82 (m. 3H), 7.59 7.47 (n,2H), 7.40 (d,,H>, 7,7 ,m,9H), 6.8, 
(d,.H), 6.57 (d.lH). MS,e/z: 727 (100%,M + ). NMR specln>m in Ftgure 38. 

mer-Wpy),: A solution of IrCVxHiO (0.301 g, 1-01 mmol). 2-(p-.olyl)pyridine 
, , 027 6 0 069 mmol), 2,4.p„ntanedione (0.208 g, 2.08 mmol) and Na,CO, (0.350 g„ 
33 0mmol> i n2 -e.hoxye*ano.<30„J-)wasre fl ux«dfor65 hours, 
mixture was coded to room temperature - 20mLof 1.0M HC1 was added to 
precipe the product. The mixture was ftltered and washed with .00 mL of 
HC1 followed by 50 mL of methanol then dried and the soltd was dissolved ,n CH.CI, 
and filtered through a short plug of silica. The solvent was removed under reduced 
pressure to yield the product as a yellow-orange powder (0.265 g, 38%). 



V A 3 Potential host molecules 

' ' This tnvention is directed toward the use of the above-noted dopants m a host 
phase. This host phase may be comprised ofmolecules comprising a carbazole 
moiety. Molecules which fall within the scope of the invention are tncluded m the 

following. 
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[A une segment denotes possible substitute at any available carbon atom or atoms 
of the indicated by ring by alkyl or aryl groups.] 

An additional preferred molecule with a carbazole funcuona.ity ts 4.4W 
dicarbazole-biphenyl (CBP), which has the formula 




V B 1 Utilization in devices 

' ' The device structure that we chose to use is very similar to the standard 
vacuum deposited one. As an overview, a Me transporting .ayer ("HTL") is firs, 
deposited onto the .TO (indium tin oxide) coated g.ass substrate. For the devtce 

..eNPOathinftimoftheorganomeuiiic doped into a host matrix ,s deposued to 
Ian emitter .aye, .n me example emitter .ayerwasCBrwith.iV.bywe.gh. 
b *2-p„eny.benzo,hiazole) tridium ace,y,ace.o„a,e (termed "BT.O; the .ayer 
tnicknesswas 30nm( 3 OOA). A blocking layer is deposited onto the emitter layer, 
me b.ocking tayer cons.sted of bathcuproine ("BCn, and the thickness was 20 nm 
(20 OA). An ..ectron transport .ayer is deposit onto the Mocking , aye. The 
.ectron transpon .ayer conststed of A., 3 of thickness 20nm. The device ts fmtshed 
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by depositing a Mg-Ag electrode onto the electron transporting layer. This was of 
thickness lOOnm. Al} of the depositions were carried out at a vacuum less than 5 X 
10 5 Torr. The devices were tested in air, without packaging. 

When we apply a voltage between the cathode and the anode, holes are 
injected from ITO to NPD and transported by the NPD layer, while electrons 
are injected from MgAg to Alq and transported through Alq and BCP. Then 
holes and electrons are injected into EML and carrier recombination occurs 
in CBP, the excited states were formed, energy transfer to BTlr occurs 
and finally BTlr molecules are excited and decay radiatively. 

As illustrated in Figure 5, the quantum efficiency of this device is 12% at a 
current density of about 0.01 mA/cm2. 

Pertinent terms are as follows: 
ITO is a transparent conducting phase of indium tin oxide which functions as an anode. 
ITO is a degenerate semiconductor formed by doping a wide band semiconductor. The 
carrier concentration of the ITO is in excess of 10'W. 
BCP is an exciton blocking and electron transport layer. 
Alq3: electron injection layer. 

Other hole transport layer materials could be used. For example, TPD, a hole 

transport layer, can be used. 

BCP functions as an electron transport layer and as an exciton blocking layer, 
whichlayerhasathicknessofaboutlOnm(lOOA). BCP is 2,9-dimethyl-4,7- 
diphenyl-UO-phenanthroline (also called bathocupro.ne) which has the formula 
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The Alq3, which functions as an electron injection/electron transport layer has 
the following formula. 




Alq, 
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,„ genera., .he doping level is varied .0 establish the optimum doping .eve!. 

V B 2 Incorporation of a fluoresce* .igand imo a phosphoresce* complex 

As noted above, fluorescent materials have certain advantages as emmers ,n 
d ev,c«s If ft. L -igand ft. is used in making the L,MX (for examp.=. M-0 

orbil couphng of the U meta. to efficiently interim cross ,n and ou, of the tnplet 
sta ,esof*=ligands. The concept is that the lr makes the L ligand an efficient 

and make an efficient phosphorescent mo.ecu,e from i, (that ts, L fluorescent 

L,MX(M-lr) phosphorescent). We 

j t Tr y wherein L=coumann and X-acac. we 
As an example, we prepared a L,lrX wnerein i. 

• tr-rfilr"l The complex gives intense orange emission, 
refer to this as coumann-6 [ C6Ir ]. 1 ne compi b 

whereas coumarm by ..self emits green. Both coumarin and «>r spectra are gtven 

'""oLfluorescen.dyesv.ou.dheexpec.edto show sim.lar spectra, shifts. S,nce 
ft. number of fluorescent dyes tha, have been developed for dye lasers and other 
applicant,,* large, we expec„ha„h,s approach would lead ,0 a w.de range of 

m e«..».edby.heme«.(forexamp.e,iridi U m,.omakea5or6m=mbered 
iLcyc. AH of the Lliga^s we have studied to date have sp 2 hybnd,ed carbons 
JLelychc N atoms in the hgands, such fta, one can form a five membered nng 
on reacting with Ir. 

V B.3. Carrier trapping at X or L ligands 

P„ t e„,ia. degradation reactions, invo.ving holes or electrons, c*n occur ,n the 
emmer layer. The resultant oxidation or reduction can alter the emitter, and degrade 



performance. 

33 



WO 01/41512 



PCTAJSOO/32511 



,„ order to ge. the maximum efficiency for phosphor doped OLEDs, ,. is 
.mportan, ,„ control holes or e,ec,r.n S which ,ead » undesirable cation « ■ 
reduction reac,ion, One io do .his is ,0 ,rap carriers <ho.es or electrons, a, 
phosphorescen, dopan.. 1, may be benef.cia, .0 ,rap the carrier a, a posmon remo.e 
L.hea.omsori.andsresponsih.efor.hephosphorescence.Thecarner^.s.h.s 

remotely trapped could readily recombine w,th the opposite earner e,,h.r 
i„ tt amolec».arly or with the carrier from an adjacent molecule. 

AnexampleofaphosphordesignedtotrapholesisshownmF.gure 6. The 
d.arylant.nesrouponthesalicylanHde^ise.pectedtohaveaHOMOleve.OO- 

„ 300 mV above that of the ,r convex (baser, on electrochemical measuremenu, 

leading to the ho.es being irapped exclusive* a. the atmne group, Holes w,» be 
readi,y trapped a, the am.ne. bu, the emisston from this molecu.e w,., come from 
MLCT and ,ntra.igand transinons from the Wpbenylpyridine) system. An electron 
^pedonmismoieculewillmostiiRelybeinoneofthepyridynigands. 

, s ln lo,ecu,ar recombinagtion wi,l lead to the formahon of an exoton, arge,y ,n the 

Mphenylpyridine, system. Since the trapping site ,s on the X ligand, whtch . 
typ , c al,y no, involved extenstvely in the lummescen, process, the presence o* 
.raping site will no, greatly affect ,he emisston energy for me compiex. M-* 
JLes can be designed ,n which elecron carriers are .rapped remo,ed ,o me L,,r 

20 system. 

V.B.4. Color Tuning 

As found in ,he IrL, sys,em, me emission color ,s singly affec,ed by ,he 

2S .ransit.ons. .n a„ of the cases tha, we have been ab.e to mate bom .he ,„s complex 

0 e >rL, , and .he L,,rX complex, the emission spectra are very similar. For examp-e 
Hmh and (ppyMrtacac) (acronym - PPT) give strong green em,ssion «* . . 

ri no WRO) and Mthpy), to their Ljlr(acac) 
510 run. A similar trend is seen in comparing Ir(BQ) 3 and liy Wh 

• - n some caS es no signif.cant shift in emission between the two 
derivatives, i.e. , in some cases, u« = 5 

30 complexes. 

, , • nF y liaand affects both the energy ot 
However, in other cases, the choice of X Ugana 
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emission and efficiency. Acac and sahcylanilide W rX complexes give very 
speora The picohnic acid deriva,ives to we have prepared ,hus far show a small 
blue shia (IS .4 in meir emission spectra relative ,0 the acac and salicylani.ide 

BTIrpic. in all three of these complexes we expect that the emission becomes 
principally form MLCT and Intta-L transitions and the picolinic acid ligands a* 
changing the energies of the metal orbiuls and thus affecting the MLCT band, 

If an X ligand is used whose triple, levels fall lower in energy than the 1,W 
framework, emission from the X ligand can be observed. This is the case for the 
BTIRQ complex. In this complex the emission intensity is very weak and centered at 
650 run. This was surprising stnce the emisston for the BT ligand based systems are 
all near 550 nm. The emission in this case is almost completely form Q based 
transitions. The phosphorescence spectra for heavy metal ouino.ates (e.g. 1.Q, or P.Q.) 
are centered at 650 m The complexes themselves emit with very low efficiency. < 
0 01 Both the energy and efficiency of the L,lrQ material is consistent "X" based 
emission. If the emission form the X ligand or the "IrX" system were efficient thts 
could have been a good red emitter. 1. is important to note that while all of the 
examples lis. here are strong "L" emitters, this does no, preclude a good phosphor from 
being formed from "X" based emission. 

The wrong choice of X ligand can also severally quench the emission from 
L! ,rX complexes. Both hexafluoro-acac and diphenyl-acac complexes give either very 
„eak emission of no emission a, all when used as the X ligand is L,lrX complexes. 
The reasons why these ligands quench emission so strong are no. a. all clear, one of 
these ligands is more elecuon wimdrawing than acac and the other more electron 
donating. W. give ,h. spectrum for BQ.rFA in the figures . The emission spec«,m 
for mis complex is slightly shifted from BQIr, as expected for the much stronger 
electron withdrawing nature of the hexafluoroacac ligand. The emission intensity 
from BQIrFA is a, leas, 2 orde* of magnitude weaker than BQIr. We have no, 
explored ,he complexes of these ligands due ,his severe quenching problem. 
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V. C. Other molecular depictions 

CBP was used in the device described herein. The invention will work with 
other hoie-transporting molecules known by one of ordinal skill to work in hole 

transporting layers of OLEDs. 

Specifically, the invention will work with other molecules comprising a 
carbazole functionality, or an analogous aryl amine functionality. 

V D. Uses of device 

The OLED of the present invention may be used in substantially any type of 
oevice which is comprised of an OLED, for example, in OLEDs that are incorporated 
- into a larger display, a vehicle, a computer, a television, a printer, a large area wall, 
theater or stadium screen, a billboard or a sign. 

The present invention as disclosed herein may be used ,n conjunction wtth co- 
pending applications: "High Reliability. High Efficiency, Integrate Organic Ltgh, 
Etnitttng Devices and Methods ofProducing Same". Senal No. 08/774.! 19 (file* 
December 23. 1996); "Novel Materials for Multicolor Light Emitting Diodes". Senal 
No OS/850,264 (fled May 2, .997); "Electron Transports and Light Emrttmg Layers 
Based on Organic Free Radicals", Serial No. 08/774,120 (filed December 23. 
„96)(issued as US 5.81 1 .833 on Sep.. 22, 1998); "Multicolor Display Devices". Senal 
No 08/772,333 (filed December 23, 1996); "Red-Emitting Organic Light Etmtt.ng 
Devices (OLED's)". Serial No. 08/774,087 (filed December 23, l996)(a.lowed); 
"Driving Circuit Fo, Stacked Organic Light Emitting Devices". Sena, No. 08/792.050 
<„,ed February 3. 1997 X issued as US 5.757.1 39 on May 26. 1998); "High Efficiency 
Organic Light Emitting Device Stntctures", Serial No. 08/772,332 (flirt December 23. 
,996)(issued as US 5,834,893 on Nov. 10, 1998); "Vacuum Deposited, Non-Polymenc 
Flexible Organic Light Emitting Devices", Serial No. 08/789,3 19 (filed January 23, 
,997Xissued as US 5,844,363 on Dec. 1, 1998); "Displays Having Mesa Ptxel 
Configuration". Serial No. 08/794.595 (filed February 3. 1997); "Stacked Organ* 
Light Emttting Devices". Serial No. 08092,046 (filed Febntary 3, .997)(issued as US 
5,917,280 on June 29, 1999); "High Contrast Transparent Organic Light Emmtng 
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Dev ,ces" Sen. No. 08/7,2,046 <f..ed February 3. "HW Contrast 

, W "Organic Ligh. Emitting Containing A Meta, Convex of W-» 

! US 5 86! 2.9 on Jan. .9, 1999); "Ugh, Emitting Devices Havmg H.gh Bnghtnes , 

^ 08,859,468 <f,led May .9, .99,,; "Saturated Full Color Staclted Organ, L,gh, 
Emitting Device,", Sena. No. 08/858,994 (flled on May 20, I997)(.ssued as US 
5 93^895on Au s.3,.999);»PlasmaTreannen.ofCond»c>iveLaye re , 

' ,r. ji n IOQ7V "Novel Materials for Multicolor Light 

PCT/US97/10252,(filed June 12, 1997), Novel ™« 

Mu „,color Ugh, Emitting Dio.es", Serial No. 08/771.8, 5, (tiled Dec^23 1996), 
"Patterning of Thin Films for the Fabrication of Organic Multi-color Displays , 
PCT/US97/10289. (flirt June .2, -997), and "Double Heterostructur^ :n rared 

- ^ ■« t ocpk" PCTAJS98/09480 filed May 8, 
Venical Cavity Surface Emitting Organtc Lasers , PCT/US9 

1998 ; US 5,874,803 issued Feb. 23, 1999; US 5,707,745 tssued Jan. .998 
p'end, g application or patent being incorporated berem by reference in its entirety. 
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What is claimed: 

l . An orgamc hght emitting de.ce coning an ermtter layer compnsing a 
molecule of the formula L,MX wherein 

L and X are inequivalent, bidentate ligands and 
M is a metal which forms octahedral complexes 

wavelength a 

max* 



2 a^H*^^"^"^^^^ 



L and X are inequivalent, bidentate ligands and 
M is a metal which forms octahedral complexes. 



3 The device of claim 1 wherein 
L issued from .he gro U p * J-O-naph^—U) (2- 

phsny ,b— p-pheny—azCe), ^eny—azoU). (7 8- 
LU«ne>,co^^^ 

m e,hoxy2-pheny 1 pyrid i n e , .hienylpyridme, and .olyipyrid.ne; and 
Xisselec.=dfron,A eB roupconsis.ingofac=.ylace.ona.eracac ), 

h „anuo ro a«.y.ac«cna I e. sadden*. picoUna,, and S-hydroxy,— . 



3- 



4. 



The device of claim 1 wherein M is iridium. 



The device of claim 1 wherein M is iridium and wherein 



38 



WO 01/41512 



PCTAJS00/32511 



10 



15 



t is seiecied fa- *« Sroup consist of 2 -(,.„ap W M»— ., (2- 

m e lto y.2.phe„ylpvndine. ,n,eny,pynd,ne. end ioiyipyndine; and 
^anuo^Uce.ona.e.saUcyHdene.p— and S-M-y,— • 

, Th e device of Cain, , wherein L is a n— and L,MX is phosphor,. 



7 . Tne device of Cain, 2 w„e,e,n ,he o, S anic .noieode of** nos, is seieced f™ 
the group consisting of 
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herein the notation of the hne segment drawn through the aromat.c nng denotes 
option! substitution at any carbon in that ring by alkyl or aryl. 



8. The organic light emitting device of claim 2 comprising an emitter layer 
10 comprising a molecule comprising a moiety L 2 M wherein 



L is a monoanionic bidentate ligand coordinated to M 
through an sp J carbon and a heteroatom and 
M is a metal which forms octahedral complexes 
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and wherein ,he he— s of the ,wo L ligands are , a ,ra„s conf.gura.io,. 

ThedevceofCaim , wherein ,he me,a, U se.ec.ed from , he group co„sis.i„ g 
of osmium, iridium and platinum. 



10. 



The device ofclaim . wherein X functions .o .rap elecrons or holes. 



, , . The dev,ce of claim 1 wherein X is selec,ed such .ha, .here is a. leas, 
difference in J,„ be.ween L,MX and L,M. 

„. The device of claim 1 wherem L.MX ,s made from L^-CI) ; ML, 
n The device of claim 1 incorpora.ed in.o a ,arger display, a vehicie, a compu,r, a 

aori„.er a large area wall, to.er or sodium screen, a bUlboard or a 
television, a printer, a large aica 

15 sign. 

14 . Morgan.cHghten.iuingdevicccompns.gane.merlayer comprisinga 
molecule of the formula L L' L" M wherein 

L, L\ and L" are inequivalent bidentate ligands and 
M is a metal which forms octahedral complexes 

and wherein 

LL'L"M is phosphorescent. 

25 



30 15 . Anorga n,cHghtem,«in g dev 1 cecompn S ,ngan e m 1 tter,a y er compnsmga 

molecule comprising an L2M moiety wherein 
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and wherein 



L is a bidentate ligand comprising nitrogen wh.ch 
coordinates to M and M is a metal which forms 
octahedral complexes 

the nitrogens of the two L-M bonds are in a trans 
configuration to one another. 



10 



16 . a composition of formula L L' L" M wherein 

L i_' and L" are bidentate ligands which coordinate to 
M and M is a metal selected from the third row of the 
virion metal group of the periodic table which forms 
an octahedral complex with L, L' and L". 



20 
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■ • f formula L L' L" M of claim 15 wherein 
17. The composition of formula LL l, 

LL ' L" M electroluminescences via a phosphorescent 
mechanism. 



30 



, 8. The composition of claim 1 5 wherein 
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each of L, L\ and L" composes one nitrogen which 
coordinates to M and the nitrogens are in a mendianal 
arrangement. 



19 . The composition of claim 15 wherein 



L and f are bidentate monoanionic ligands comprising 
nitrogen which coordinates to M and L" is a bidentate 
monoanionic ligand. 



20. The composition of claim 1 5 wherein 

L and L' are equivalent and are monoanionic bidentate 
ligands which coordinate to M via an q»> hybridized 
carbon and a heteroatom and L" is a monoaniomc 
bidentate ligand . 

nf rlaim 19 selected from the group consisting of 
?i The composition ot claim l^acic^iw 

;;-Meop^ 

C6Ir, PZlrp, BONlr, BTlr, BOlr. BTlrQ, BTIrP, and BOlrP. 

22. An organic light emitting device comprising an emitter layer comprising a 
molecule comprising a moiety L 2 M wherein 

L is a monoanionic bidentate ligand coordinated to M 
through an sp 2 carbon and a heteroatom and 
M is a metal which forms octahedral complexes 
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